Processing of complex signals in the hearing organ remains poorly understood. This paper aims to contribute to this topic by presenting investigations on the mechanical and neuronal response of the hearing organ of the tropical bushcricket species Mecopoda elongata to simple pure tone signals as well as to the conspecific song as a complex acoustic signal. The high-frequency hearing organ of bushcrickets, the crista acustica (CA), is tonotopically tuned to frequencies between about 4 and 70 kHz. Laser Doppler vibrometer measurements revealed a strong and dominant low-frequency-induced motion of the CA when stimulated with either pure tone or complex stimuli. Consequently, the high-frequency distal area of the CA is more strongly deflected by lowfrequency-induced waves than by high-frequency-induced waves. This low-frequency dominance will have strong effects on the processing of complex signals. Therefore, we additionally studied the neuronal response of the CA to native and frequency-manipulated chirps. Again, we found a dominant influence of low-frequency components within the conspecific song, indicating that the mechanical vibration pattern highly determines the neuronal response of the sensory cells. Thus, we conclude that the encoding of communication signals is modulated by ear mechanics.
Introduction
The background noise of natural habitats is often dominated by a multitude of complex acoustic signals that are generated by a variety of animal species, including crickets and frogs. In the tropical rainforest, background signals are in the frequency range between 3 and 9 kHz. Advertisement signals of bushcrickets and echolocation calls of bats usually contain carrier frequencies greater than 10 kHz [1, 2] . For each species, the recognition of conspecific and predator signals is essential for reproduction and survival.
In the tropical bushcricket species Mecopoda elongata, only the males produce a calling song to attract distant females. Song production is achieved by rubbing the plectrum on the right forewing against a toothed vein ( pars stridens) on the left forewing. A typical chirp of such a calling song consists of 10-14 syllables with increasing amplitude along the chirp structure [3, 4] . The chirps, as well as each syllable, contain frequencies from about 2 up to at least 80 kHz [5, 6] . Males have evolved a mechanism that leads to synchronous, alternating and phaselocked entrainment [4] [5] [6] [7] . Synchrony among a chorus of males is not perfect, as one male generally follows the signal of a leading male with a delay of a few milliseconds [4, 7, 8] . As demonstrated in behavioural [9] and electrophysiological experiments [10] , females show a preference for the leading male.
Acoustic signals reach the hearing organs of male and female bushcrickets via two different pathways. The main input for sound waves is a tracheal opening (spiracles) on both sides of the thorax [11] [12] [13] . Sound enters the spiracles and travels along an acoustic trachea towards the hearing organs located in the tibiae. Two tympanal membranes located anterior and posterior to the hearing organ [14] are also set into vibration by the sound, and their vibration provides further excitation to the hearing organs. This excitation is important for air-to-liquid impedance conversion [14, 15] for frequencies less than 25 kHz [12, 16] .
Sensory cells are located on top of the acoustic trachea. The sensory epithelium can be divided into three sections: (i) the subgenual organ at the proximal end of the tibia, (ii) the intermediate organ, and (iii) the crista acustica (CA) at the distal end of the tympanal organ [17] [18] [19] [20] . The subgenual and intermediate organs detect substrate-borne sound and airborne sounds up to frequencies of about 10 kHz, whereas the CA processes frequencies of up to at least 80 kHz ( [21, 22] ; for a review, see [23] ). All three of these organs are chordotonal, comprising scolopidial units as sensory structures. In M. elongata, there are about 48 scolopidial units [24] consisting of a bipolar sensory neuron with a ciliary dendrite [25, 26] . This dendrite is surrounded by a supporting cell, the scolopale cell, which is connected at the top to an attachment cell, called cap cell ( figure 1 ). The sensory cell acts as mechanoreceptor type I [27, 28] . It has been suggested that stretching of the sensory cell's dendrite leads to mechanoelectrical transduction of the signal by opening mechanosensitive channels [29] . Electrophysiological recordings of single sensory cell activity revealed their tonotopical arrangement within the CA, with sensory cells sensitive to low frequencies located in the proximal and to high-frequency sound in the distal part of the hearing organ [30] [31] [32] . Using laser Doppler vibrometry, the existence of travelling waves with frequency-dependent positions of peak amplitude was demonstrated for M. elongata [33] . Thus, vibration peaks of travelling waves seem to be responsible for tonotopy.
Because the CA is easily accessible and broadly tuned, it represents an ideal model system for the study of acoustic signal processing. In this study, we address the open question of how simple and complex acoustic signals are processed. We used pure tones as simple stimuli as well as the conspecific calling song of the bushcricket species M. elongata as a complex signal to stimulate the tympanal organ. To investigate the mechanical and neuronal processing of sound, we performed laser Doppler vibrometer measurements of the sound-induced CA vibration and recordings of compound action potentials (CAPs) of tympanal nerve activity in response to acoustic stimulation with conspecific song and frequency-manipulated chirp variants of the song.
Material and methods
Experiments were performed with sexually mature, adult, male and female insects (n ¼ 42) of the tropical Southeast Asian bushcricket species M. elongata L. (Insecta, Orthoptera, Tettigoniidae). The animals were taken from our breeding colony at the Department of Cell Biology and Neuroscience (Frankfurt am Main, Germany) and kept at a temperature of 25 + 18C and 55 + 10% relative humidity in a 12 L : 12 D cycle.
(a) Song recordings
Song recordings were performed with a sensitive externally polarized condenser microphone (CM16/CMPA, Avisoft Bioacoustics, Berlin, Germany). The microphone was positioned at a distance of 30 cm, on one side of a singing male. Because the microphone had a high-pass characteristic with a corner frequency close to 5 kHz, lower frequency components were attenuated. While we focused on the sound-induced mechanical vibration of the CA, which is most responsive to stimulus frequencies greater than 5 kHz [17, 25] , the tympanal nerve also contains fibres of the subgenual and intermediate organ that respond to frequencies less than 5 kHz. Therefore, the resulting stimulus range, starting at 5 kHz (corner frequency of the microphone), ensured that only responses from the CA contribute to the measured neuronal response. The recording system was connected with an A/D-converter (UltraSoundGate 116Hb basic, Avisoft). Chirps of the calling song were recorded with a sampling rate of 300 kHz (16-bit mode) by Avisoft RECORDER USGH software (Avisoft). Time and frequency analyses of the single chirps of the song were performed using BATSOUND v 3.31b (Pro-Sound Analysis, Petterson Electronics, Uppsala, Sweden). Five chirps of each male (n ¼ 5) were analysed (audiogram, sonogram and power spectrum) and averaged. For stimulation, a chirp that is representative of the average frequency content of the calling song was chosen.
(b) Acoustic stimulation
A D/A converter (DAP 5216a board, Microstar Laboratories, Bellevue, WA) was used for playback of the acoustic signal. The signals were subsequently modified by a programmable attenuator (PA5, TDT PC1, Tucker-Davis Technologies, Alachua, FL) and amplified by an audio amplifier (RB 850 Stereo Power Amplifier, Rotel, North Reading, MA). Chirps were broadcast through a loudspeaker (LDV: EAS 10 TH 400A, Technics, Kadoma, Japan, Electrophysiology: R2904/700000, ScanSpeak, Videbaek, Denmark), which was placed at a distance of 20 cm from the ipsilateral spiracle of the insect. All playback signals were calibrated to an SPL of 85 dB, which refers to the maximum amplitude of the chirp. The maximum SPLs of the stimulus signals were calibrated with a condenser microphone (MK301, Microtech Gefell, Gefell, Germany), which was connected to a microphone amplifier (RMS adjustment; 2610 B&K, Brü el&Kjaer, Naerum, Denmark). Calibration was performed at a distance of 20 cm from the speaker. The chirp used for playbacks was 254 ms in duration and was broadcast in loop mode with a signal period of 1500 ms.
In the neurophysiological and mechanical approach, the native chirp was manipulated in its frequency composition by application of various filters. We used high-pass filters, in which frequencies less than 10 and 20 kHz (H10, H20) were cut off; a band-stop filter, filtering a frequency range of 50 -75 kHz (BS50 -75); and two low-pass filters with cut-off frequencies of 10 and 37 kHz (L10, L37; figure 4a). These cut-off frequencies were chosen according to the spectral content of the chirp. The filter type was set with an eighth-order elliptic filter (Batsound, Petterson Electronics), and the pass-band ripple was set to 0.2 dB with a stop-band gain of 270 dB (relative). Moreover, we also used pure tones (7, 17, 27, 37, 57 and 77 kHz) that were continuously presented at a SPL of 80 dB SPL to induce steady motion of the CA. Absolute displacement amplitudes were corrected for liquid -air refraction, which decreased the measured sound-induced velocity response of the hearing organ by about a third.
(c) Electrophysiological recordings
Experimental animals (n ¼ 14) were briefly anesthetized with CO 2 for preparation and midlegs, hindlegs and parts of the wings were removed. Afterwards, the animals were fixed with rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141872 rosin-beeswax, ventral surface down, on a T-shaped metal holder. Similar to published methods [16] , the tibia was mounted on a metal holder in a natural position, and a small window was cut into the femur of the animal with a sharp razor blade. The animal was then positioned under a microscope to adjust the steel needle electrode (Austerlitz Insect Pins Minutiens, Slakov u Brna, Czech Republic, diameter 0.2 mm) accurately within the femur near to the tympanal nerve. After distinct acoustically induced response of the tympanal nerve, the cuticular window was closed with Vaseline to prevent the preparation from desiccating. A silver-wired electrode was used as reference electrode, which was inserted into the abdomen of the animal.
Acoustic stimulation was performed as described above. Tympanal nerve responses were amplified 1000 times as well as band-pass filtered (0.5-3.0 kHz) with an extracellular amplifier (BA-03X, npi electronic, Tamm, Germany) and fed back into the DAP board.
For threshold settings, the recording started 70 ms before the stimulus was applied. The threshold criterion for further analyses was defined as the mean plus 2 s.e.m. of the peak-topeak amplitude obtained during the recording time window of 10 -50 ms. Subsequently, we analysed the very first oscillation cycle of the averaged compound potentials in response to the presented chirp. We determined (i) the width, (ii) the peakto-peak voltage amplitude, and (iii) the AUC of this oscillation. The latter was calculated by integration of the positive as well as of the negative voltage values. The results were normalized in relation to the highest potential obtained with the native chirp (on an individual basis).
The analysis of the electrophysiological recordings was performed within Matlab v. 7.6.0 (The MathWorks Inc.). Resulting data were averaged. In general, all of the averaged values of electrophysiological recordings, as well as those of the LDV measurements, are given as the median (Q2) and first and third quartiles (Q1, Q3). Statistical evaluation was performed using the non-parametric Wilcoxon-Kruskal-Wallis test in JUMP v. 7.0 (SAS Institute Inc., Cary, NC).
(d) Measurement of crista acustica vibrations
The animals (n ¼ 23) were prepared for the mechanical measurements in the same way as described for the electrophysiological recordings. The examined tibia, however, had been fixed in a chamber that was filled with ringer's solution (modified after Fielden [34] ; NaCl 3.75 g, KCl 0.05 g, NaHCO 3 0.1 g, sucrose 1.5 g, CaCl 2 0.1 g; aqua dest. 500 ml, pH 6.95) between measurements. A razor blade was used to cut a small window in the cuticle just above the CA. The remaining tissue was removed with a small pair of forceps. During each measurement under stimulation with the natural calling song, all fluid was removed from the measuring chamber to ensure free movement of the tympana. However, on top of the hearing organ, fluid was still present within the tibia. To prevent desiccation, the chamber was filled with Ringer's solution at least every 3-4 min. After the experiments, the CA was stained with methylene blue for further anatomical analyses (Merck, Darmstadt, Germany).
Sound-induced CA vibration patterns were measured by a microscanning laser Doppler vibrometer system (MSV-300 with a sensor head OFV-534, Polytec, Waldbronn, Germany) within an anechoic room at a temperature of 22 + 28C. The scanning system was attached to a customary microscope (Axio Examiner, Zeiss, Gö ttingen, Germany) using a microscope adapter (OFV-072, Polytec). The resulting laser beam was positioned under video control (VCT-101, Polytec). Additionally, the microscope adapter was equipped with a microscope camera (Moticam 2300, Motic, Wetzlar, Germany) to take coloured pictures of the stained CA. A trigger signal was used to relate stimulus presentation to measurement sequences of the LDV system.
The
units of the CA. Recordings of the time signal of the CA vibration were obtained at a sampling rate of 256 kHz. Conspecific chirps were presented 20 times per measuring point, and the resulting vibration responses were averaged. The measuring points were classified into proximal, medial and distal parts. For each of these regions, one measuring point with the best signalto-noise ratio was selected for further analyses. In this analysis, a fast Fourier transformation (Hanning window) with a resulting resolution of 19.5 Hz was performed to obtain the response characteristics of the CA vibration to the frequency pattern of the stimuli. Afterwards, data were interpolated, smoothed (factor 2.5) and averaged with Matlab v. 7.11.0 (The MathWorks Inc., R2010b, Natick, MA). Again, statistical evaluation was performed with non-parametric Wilcoxon-Kruskal-Wallis test by JUMP v. 7.0 (SAS Institute Inc.). Low-frequency sound is detected in the proximal part, whereas high-frequency sounds are represented in the distal part of the CA. Absolute displacement amplitudes revealed a much stronger vibrational response of the CA to frequencies up to 27 kHz (figure 2b). In fact, the displacement amplitude responses of the travelling waves caused by pure tone stimuli up to 27 kHz were even higher in the distal area than those induced by highfrequency stimuli (greater than 37 kHz). A detailed analysis of the distribution of averaged median amplitude responses (n ¼ 9) along the CA supports this assumption. The stimulation with a low frequency of 7 kHz led to an amplitude maximum in the proximal region of the hearing organ ( figure 2c,d ). While the highest amplitudes occurred in the medial region for stimulus frequencies between 17 and 27 kHz, stimulation with frequencies greater than 27 kHz led to amplitude maxima in the distal region of the CA (figure 2c). This tonotopical representation of frequencies along the CA was level independent and found with stimulation at high (80 dB SPL, figure 2c ) and low (50 dB SPL, figure 2d) SPLs. The distribution of amplitude maxima in the proximal and medial region of the CA matches with the best frequencies (BFs) of each region. However, the application of stimulus frequencies less than 27 kHz led to even higher displacement amplitudes in the distal region than stimulus frequencies greater than 27 kHz. Consequently, the measured BF in all three regions of the CA was less than 27 kHz.
Results
(b) The mechanical response of the crista acustica is higher for low frequencies of the conspecific chirp
The conspecific chirp of M. elongata consists of a series of syllables (median: 11) with increasing amplitudes (figure 3a and the electronic supplementary material, figure S1 ). The frequency spectrum of the recorded song ranged from about 5 to 90 kHz and was highly consistent across all syllables and males (n ¼ 5, rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141872 power spectra of the chirp can be found in figures 3b and 4a). Within the song frequency spectrum, we found amplitude peaks around 7, 17 and 31 kHz, in addition to a broad amplitude plateau in the high-frequency range starting at about 45 kHz (arrows in figure 3b ). The maximum amplitude of the song was at about 70 kHz. The acoustic stimulation of the CA with the broadband conspecific song exhibited a strong peak at about 7 kHz in the spectrum of the laservibrometer signal at all measuring spots (proximal, medial and distal; figure 3b ).
Frequencies greater than 7 kHz, however, were more evenly represented at all measuring regions, whereas stimulus frequencies greater than 27 kHz were exclusively represented by the distal region ( figure 3b, red line) . This was significant for frequencies above 27.5 kHz (n ¼ 14; p , 0.05). To study effects of sound wave interference in the mechanics, we measured the motion of the CA under stimulation with frequency-manipulated chirp variants (e.g. removing frequencies less than 10 kHz and greater than 37 kHz). No vibration responses above noise level were found for the filtered frequency ranges, whereas the amplitude in response to the remaining stimulus range was unaffected (electronic supplementary material, figure S2 ).
(c) Tympanal nerve responses to native and frequencymanipulated chirps
We found the strongest mechanical response of the CA to frequencies less than 30 kHz. To study the neuronal response of sensory cells to the native chirp and five different frequencymanipulated chirp variants, we recorded the tympanal nerve activity with needle electrodes (n ¼ 14, figure 4a) . To compare the resulting neuronal responses with each other, we analysed the tympanal nerve activity by determining (i) the width, (ii) the peak-to-peak amplitude, and (iii) the area under curve (AUC) of the first oscillation cycle of the CAPs in response to the first syllable of the presented chirps. The width of the first oscillation of the CAP corresponds to the synchrony of sensory afferents and exhibited an average duration of 1.96 ms (Q1: 1.81 ms, Q3: 2.21 ms, n ¼ 14) when elicited by the native chirp (figure 4b,c, upper panel). Removing frequencies less than 20 kHz from the chirp caused a significant reduction of this parameter, whereas other frequency manipulations were less effective. A change in the peak-to-peak ( p-to-p) amplitude indicates a change in the number of excited afferents. The p-to-p amplitude of the first neuronal response to the original song was 0.66 mV (Q1: 0.54 mV, Q3: 0.84 mV, n ¼ 14). Compared with the original chirp, tympanal nerve activity evoked by frequency-manipulated songs led in most of the cases to a reduction in p-to-p amplitude (figure 4c, middle panel). The reduction of the CAPs was significant when the frequencies below either 10 kHz (H10, p ¼ 0.0014) or 20 kHz (H20, p ¼ 0.0042) were removed by application of appropriate high-pass filters (H10, H20) or when only frequencies up to 10 kHz were presented (L10, p 0.0001). A similar result was obtained by evaluating the AUC of the first oscillation cycle following the chirp presentation. This indicates that the neuronal response has changed, regardless of whether it originates from synchronization differences or the number of contributing nerve fibres. Low-frequency-modified songs (H10, H20, L10) also led to reduced responses (figure 4c lower panel), displayed by a significantly reduced AUC value (H10, p ¼ 0.0030; H20, p ¼ 0.0001; L10, p 0.0001). It should be mentioned that strong reduction of CAPs precluded the evaluation of those cases with the most evident reduction (H20 and L10). Therefore, the CAPs could not be analysed in all of the animals (H20 ¼ 9 of 14 animals; L10 ¼ 12 of 14 animals). Furthermore, evaluation of CAPs showed that removing frequencies greater than 37 kHz (L37) and frequencies in the range between 50 and 75 kHz (BS50-75) did not affect the activity of sensory afferents significantly ( p . 0.05). the CA and its sensory cells to pure tone signals and more complex signals that were derived by frequency manipulation of a representative conspecific chirp. Results were obtained by measuring CA vibration using laser Doppler vibrometry and by recording tympanal nerve activity using a needle electrode. Our findings confirmed the tonotopic organization of the CA, because the vibration excited by various pure tone signals caused local amplitude maxima in different regions of the CA. Pure tone signals with frequencies less than 27 kHz elicited higher vibration amplitudes compared with amplitudes induced by frequencies greater than 27 kHz. Therefore, even in the distal, high-frequency region, amplitudes of the lowfrequency-induced waves were larger than the amplitudes induced by high frequencies. We expected that these characteristics of the mechanical vibration might also be found under stimulation with complex signals, like the conspecific chirp, which could have profound consequences for the processing of these complex sound signals including frequencies from 2 to 90 kHz. In particular, the first peak of the conspecific song at 7 kHz elicited the strongest mechanical response along the entire hearing organ, including the distal highfrequency region. During signal processing, possible intrinsic factors within sensory cells might adjust this low-frequency dominance in the mechanics [35] .
Discussion
In a different approach, we performed electrophysiological recordings of tympanal nerve activity in response to the conspecific song of the bushcricket. This method is advantageous, because the cuticle above the CA and thus, the pressure inside the compartment containing sensory cells, are not affected. Here, we found a significant reduction of tympanal nerve activity when frequencies below approximately 20 kHz of the chirp spectrum were cut off. Similar to mechanical measurements, the high-frequency range within the chirp, however, seems to play a less important role for processing conspecific sound, because no reduction of tympanal nerve response occurred when high-frequency components were cut off (L37, BS50-75). Both recording techniques show that frequencies less than 37 kHz are relevant for the stimulation of sensory cells, whereas higher frequencies are less significant. Because only young adult animals were used in our experiments, age-related hearing loss in the high-frequency range does not seem likely. Therefore, the question arises why males produce a broadband-frequency song with the energy maximum of spectral amplitude at about 70 kHz.
On the one hand, attenuation or amplification processes could play a role in the frequency discrimination process. For example, the low frequencies could underlie an amplification mechanism, so that these frequencies elicit a stronger sensory stimulation. Such amplification could be produced by e.g. the two tympanal membranes on the anterior and posterior site of the hearing organs, respectively. Former studies have shown that the tympanal membranes are most responsive to stimulus frequencies of less than 27 kHz, including distinct response maxima at frequencies of 7 and 16 kHz [16, 36] . Especially, the maximum membrane vibration response induced by 16 kHz correlates with a sensitive nerve response [16] . Moreover, a match of tympanal vibration maxima obtained at different stimulus frequencies and dominant call frequencies was found in many species, e.g. in frogs [37] , cicadas [38] and crickets [39] , as well as in locusts [40] . This supports the assumption that the tympanal membranes of M. elongata might show species-specific responses, which amplify reactions to certain call frequencies.
On the other hand, the high-frequency component of the song spectrum could be a by-product of the stridulation whereby the carrier frequency is constrained by the size of the resonating structure [41, 42] . It seems unlikely, however, that the complex structure of the conspecific song in the high-frequency range should only be a side-effect. This is supported by the fact that the CA in principle is able to process such high frequencies up to at least 70 kHz, even though thresholds might be elevated for higher frequencies [16] . In the transmission channel, signals with a broad frequency composition are less affected by degradation of the amplitude pattern compared with pure tone signals, which is reflected in the response of auditory neurons of bushcrickets to signals presented from various distances and heights [43] . Because ultrasound suffers from excessive attenuation [43] , perception of it might indicate the proximity of a male. Furthermore, directional hearing of insects strongly depends on carrier frequency, whereby high frequencies and ultrasound result in strong binaural differences [44] . Thus, it has to be assumed that the perception of high frequencies and ultrasound improves phonotaxis of females in the proximity of a male. Future behavioural experiments will help to clarify this question.
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